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Fabio Alves*, Dragoslav Grbovic and Gamani Karunasiri 
Department of Physics, Naval Postgraduate School, Monterey, CA, USA, 93943. 
ABSTRACT  
There has been a continued interest in the terahertz (THz) imaging due to penetration and non-ionizing properties. Real-
time imaging in this spectral range has been demonstrated using infrared microbolometer technology with external 
illumination by quantum cascade lasers (QCL). However, to achieve high sensitivity, it is necessary to develop focal 
plane arrays using enhanced THz-absorbing materials. One attractive option to achieve real time THz imaging is MEMS 
bi-material sensor with embedded metamaterial absorbers, consisting of a periodic array of metallic squared elements 
separated from a homogeneous metallic ground plane by a dielectric layer. We have demonstrated that the metamaterial 
films can be designed using standard MEMS materials such as silicon oxide (SiOx), silicon oxinitrate (SiOxNy) and 
aluminum (Al), to achieve nearly 100 % resonant absorption matched to the illumination source, while providing 
structural support, desired thermomechanical properties and access to external optical readout. The metamaterial 
structure absorbs the incident THz radiation and transfers the heat to bi-material microcantilevers that are connected to 
the substrate, which acts as a heat sink, via thermal insulating legs. A temperature gradient builds up in the legs, 
allowing the overall structure to deform proportionally to the absorbed power. The amount of deformation can be probed 
by measuring the displacement of a laser beam reflected from the sensor’s metallic ground plane. Several sensor 
configurations have been designed, fabricated and characterized to optimize responsivity, speed of operation and 
minimize structural residual stress. Measured figures of merit indicate that the THz MEMS sensors have a great potential 
for real-time imaging.  
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1. INTRODUCTION  
Imaging with terahertz (THz) radiation has driven the interest of the scientific community due to the potential to be used 
in several important applications, including in the medical diagnosis of skin diseases1, food inspection2, security 
screening3 explosive identification4, and remote sensing5. In the context of security screening, the ability to look through 
packages, clothes, envelopes and other nonmetallic covers, as well as to identify threats or danger without harming or 
damaging the scanned target.  This is a widely held concern and goal for homeland security, the logistics and 
transportation fields, and, in particular, airport scanning. The use of terahertz radiation is very attractive for these types 
of applications because it is non-ionizing, can penetrate most nonmetallic and nonpolar materials, and can detect most 
explosives, which exhibit specific signatures in this range of frequencies. The current drawback of this technology, 
however, is the absence of commercially available THz detectors that are sensitive and fast enough to permit real-time 
imaging. 
Real-time THz imaging has been investigated using conventional, microbolometer-based imagers optimized for infrared 
(IR) wavelengths (8-12 μm) coupled with a quantum cascade laser (QCL) as an illumination source6, 7. The limitations of 
this approach are the low sensitivity of the microbolometer cameras in the THz region and small pixel size (~ 30 μm), 
compared with THz wavelengths (~ 100 μm at 3 THz). One potential approach for efficient THz imaging is the use of 
microelectromechanical systems (MEMS) based bi-material detectors8-11 fabricated with THz sensitive materials. 
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A typical bi-material detector10 consists of a sensing structure responsible for converting incoming radiation to heat, 
which is transmitted by conduction to bi-material legs that are thermally insulated from the host substrate (heat sink) by 
supporting structures of lower thermal conductance. Figure 1(a) and (b) show schematic diagrams of a typical bi-
material sensor fabricated by our research group10, 11. The bi-material legs undergo deformation12 due to the temperature 




Figure 1. MEMS bi-material THz sensor based on a metamaterial absorber. (a) Top view schematic of the sensor. (b) 3D 
view of the main components highlighting the freestanding structure. (c) SEM micrograph of the sensor showed in (b). (d) 
Schematic diagram of a metamaterial absorber film. (e) Lateral view of the bi-material sensor highlighting the bi-metallic 
effect. (e) Measured 3D profile of the sensor showed in (c). 
 
For bi-material sensors operating in the IR range, MEMS fabrication friendly materials, such as SiNx, SiO2, Au and Al 
are used in sensing, structural and bi-material sections of the sensor, respectively. The deformation can be measured 
using different approaches such as piezoresistive13, capacitive14 and optical15, 16. The latter has the advantage of avoiding 
the complex on-chip integrated microelectronics, necessary for the former approaches. Additional difficulties exist in the 
THz range. The low photon energy demands very sensitive detectors and, in most of the cases, external illumination is 
needed for imaging6. The recent advances in QCL make them the preferable illumination source for THz imaging6, 17. 
Terahertz absorption can be achieved using either metallic thin films18 or metamaterials19-22. We have demonstrated 
theoretically and experimentally the THz absorption of chromium (Cr) and nickel (Ni) films23. While the metallic thin 
films conveniently exhibit broadband absorption, they cannot absorb more than 50% of the incident radiation, as 
demonstrated in23. An attractive option to achieve absorption beyond 50% is the use of metamaterial absorbers. Many 
metamaterial structures exhibiting absorption in the THz spectral range have been reported using a wide variety of 
configurations, including split-ring resonators and periodic arrays of metallic rings and squares20-22. Most of them 
impose limitations for bi-material sensor fabrication, either due to low absorption or inadequate thermal and mechanical 
properties, especially greater thickness needed for the desired THz frequency. Our group has recently demonstrated a 
configuration comprised of a periodic array of Al squares and an Al ground plane separated by ultrathin SiO2, SiOx and 
SiOxNy films10, as shown schematically in Fig. 1(d). The structures are around 50 times thinner than the detection 
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wavelength band and exhibit absorption near 100%. The resonant nature of the metamaterial absorption does not 
represent a limitation since it can be tuned to the frequency of the illumination source (for example a QCL), which is 
intrinsically narrowband. Furthermore, the ability to integrate such metamaterial films into bi-material sensors was also 
demonstrated and our results9-11 showed that this combined configuration has great potential in THz sensing and 
imaging. In this paper, we report on the investigation of highly sensitive micromechanical bi-material detectors based on 
metamaterial structures for THz imaging. 
2. DESIGN AND FABRICATION 
The most important characteristics of thermal THz sensors are responsiviy and speed of operation. The responsivity of a 
bi-material sensor can be defined as angular deflection per unit incident power, dθ/dP (= (η/G)×(dθ/dT)) and speed of 
operation is normally defined by the thermal time constant τ (= C/G). In thermal bi-material detectors, sensitivity and 
speed are controlled by heat capacitance (C), thermal conductance (G), efficiency (η), which is the absorbed fraction of 
the incident power, and thermomechanical sensitivity (dθ/dT), which is the angular deflection due to temperature 
change. While η is a characteristic of the sensitive element (~100% in the case of our metamaterial films), C and G are 
intrinsic characteristics of the constituent materials, and dθ/dT is dependent on the combination of materials on the bi-
material structures that contribute to angular displacement, which depend on the configuration of the sensor. For the 









































α1 − α 2( ),  (1) 
where lb represents the total length of the bi-material beam, t represents thickness, α is the thermal expansion coefficient 
and E is the Young’s modulus. The indices 1 and 2 are used to represent materials 1 and 2, respectively.  
 
The design and optimization of the sensor is highly dependent on the application. High speed of operation (low τ) 
requires a large G that reduces responsivity. Material stiffness and thermal expansion coefficient are also interdependent 
making the choice of materials and configuration a compromise to comply with the application requirements. We have 
demonstrated that Al and SiOx (or SiOxNy) exhibit a significant difference in thermal expansion coefficients, suitable 
mechanical, optical and electrical properties and are relatively simple to deposit and process [10, 11]. Once the materials 
are selected, the only controllable parameters are the metamaterial absorption efficiency (η) and the length (lb) and 
thicknesses (t1 and t2) of the bi-material beam that contributes to the sensor’s angular displacement. 
 
Another important factor to consider during the design phase is the residual stress that causes MEMS freestanding 
structures to bend24. Additional difficulties exist in the case of bi-material sensors. The large difference in thermal 
expansion coefficients, which is a desired characteristic to improve performance, along with a wide range of 
temperatures required for material deposition, severely affect bi-material structures. This effect can be observed in Fig 
1(c) and (f) that show a scanning electron microscope (SEM) micrograph and a measured 3D profile of the sensor 
depicted in Fig 1 (a) and (b). The tensile stress on the legs causes them to bend upwards, away from the substrate plane, 
consequently tilting the central absorber. This fact can compromise the external optical readout. 
 
With the aforementioned considerations in mind, we have developed bi-material MEMS sensors, using metamaterial 
absorbers operating in THz range. A highly efficient ultra-thin metamaterial structure was developed to provide low 
thermal capacitance and near 100% absorption at the frequency of the THz illumination source available to us (3.8 THz 
– see Fig. 2(b)), while simultaneously serving as a structural layer for bi-material sensors and providing access for 
external optical readout. Analytical and finite element (FE) models, including terahertz absorption (Fig. 2(a)), heat 
transfer and structural mechanics (Fig. 2(c)), were developed and used to predict the performance of the sensors. Figure 
2(b) and (d) show the comparison of FE estimations and measured absorption and thermomechanical sensitivity, 
respectively, for the sensor shown in Fig. 1. Notice in Fig. 2(b) the optimum conditions were achieved since the 
metamaterial absorption spectra match the QCL emission. 
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Figure 2. Finite Element models and comparison of simulations with measured parameters. (a) Unit cell of metamaterial 
used in simulation where the THz absorption can be obtained by extracting the S-parameters.  (b) Simulated and measured 
absorption of the metamaterial in contrast with the QCL emission. (c) Thermal and structural mechanics simulation of the 
sensor where the surface colors represents z-displacement (left) and temperature distribution (right). (d) Simulated and 
measured thermomechanical sensitivity of the sensor shown in Fig 1. 
 
A set of sensors was fabricated using different fabrication processes, depending on the configuration. For the 
sensors similar to the one depicted in Fig. 1(a) and shown in Fig. 1(c) the fabrication sequence is as follows. First, an 
aluminum (Al) film, around 100 nm thick, was deposited on a 300 μm thick silicon (Si) substrate by e-beam evaporation. 
Then, the Al layer was patterned and wet etched to form the absorber ground plane. Next, a SiOx layer, between 1 and 
1.6 μm thick, was deposited using plasma enhanced chemical vapor deposition (PECVD) at 350 oC, followed by another 
Al film, around 100 nm thick. The second Al layer was then patterned and plasma etched to define the absorber 
metamaterial squares. Then, an Al layer with varying thickness (100 - 200 μm) was deposited, patterned and lifted off to 
form the bi-material legs. The sensor structure was then created by reactive ion etching of the SiOx layer. Finally, the 
structure was released through backside trenching using the Bosch etch process. Square and circular openings were 
chosen to ensure the release of the structure and to help refine the Bosch etch recipe. Figure 3(a) to (f) shows some of the 
fabricated sensors’ layouts (top images) and SEM micrograph (middle images). Optical profilometry is used to access 
the sensors and obtain the 3D profile (bottom images), which helped to tune the fabrication processes and map the 
residual stress in different parts of the sensors. The bending due to residual stress can be observed to be more prominent 
in the sensors with more legs, as expected. 
Proc. of SPIE Vol. 9083  90830C-4
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 10/17/2018





Figure 3. Fabricated MEMS THz bi-material sensors with Al/SiOx(or SiOxNy)/Al metamaterial films. The layout (masks), 
where the bi-material legs are in purple and the dielectric is in blue, are shown on the top, the SEM micrographs are shown 
in the middle and the measured 3D profiles are shown on the bottom. (a) Symmetric with two bi-material leg with lateral 
insulation leg. (b) Asymmetric with two bi-material leg and lateral insulation. (c) Symmetric with four bi-material legs and 
lateral separation and insulation. (d) Asymmetric with two bi-material and double lateral insulation. (e) Symmetric with two 
bi-material legs and top insulation. (f) Symmetric with folded bi-material legs and top insulation. 
 
The fabricated sensors showed responsivity values as high as 1.2 deg/μW and time constants as low as 200 ms. 
Minimum detectable power on the order of 10 nW was observed, demonstrating that the sensors can operate with low-
power THz sources. Further details on modeling and simulation, material selection, fabrication processes, residual stress, 
characterization, etc, can be found in ref. [9-11]. Next step is to optimize the sensors for real time imaging and fabricate 
a focal plane arrays (FPA) where the ultimate desired characteristics involve: sensor size (as small as possible) and pitch 
(pixels as close as possible to each other) to increase spatial resolution; minimum intrinsic bending, to improve the 
readout access; high bi-material performance; low noise; and reduced response time. 
 
3. TERAHERTZ FOCAL PLANE ARRAYS 
First, the intrinsic bending is drastically reduced with the use of a self-leveling configuration25. The idea is to use two 
legs on each side to compensate the stressed generated bending. Figure 4(a) to (d) shows a schematic diagram, results of 
FE simulation showing leveled absorber due to the compensation, a measured 3D profile and a micrograph of such 
configuration. Figure 4(e) shows the measured z-axis displacement along the bi-material segments profile is shown. It 
can be seen in Fig. 4(e) that the bi-material segments are approximately the same length; therefore the intrinsic bending 
is similar. Due to the way they are connected, they compensate each other making the central absorber leveled with the 
substrate, regardless of the stress of the legs. The same occurs with the insulating segments 3 and 4 (see Fig. 4(c)). The 
central absorber is practically flat due to the sandwich of the dielectric layer by the metallic ground plane and square 
elements (metamaterial structure). This configuration has two advantages. First, any fluctuation in environment or 
background temperature (background noise) is, technically, not sensed by the central absorber due to the compensating 
legs. Second, when THz radiation is absorbed, a large temperature gradient (Fig. 4(f)) is formed in the segments 3 and 4, 
allowing the segment 1 to deform proportionally to the absorbed energy. The segment 2 is connected to the heat sink 
(substrate) and due to the high thermal conductance of Al the temperature gradient on it is relatively low (Fig. 4(c)) and 
consequently its deformation is negligibly small.  
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Figure 4. Simulated fabricated and measured self-leveling THz bi-material sensors. (a) Top view. Two legs on each side 
consist of bi-material segments (1 and 2) and thermal insulating segments (3 and 4).  The segment 1 is connected to the 
substrate (heat sink) and consequently thermally shorted. (b) 3D simulation (where the surface colors represents z-
displacement). Note that the residual stress is similar in both bi-material segments and both insulating segments. Due to the 
way they are connected the bending is compensated by one another. (c) Measured 3D profile (where the surface colors 
represents z-displacement) showing the stress compensation. (d) Micrograph of the fabricated self-leveling sensor. (e) 2D 
profile, shown the same amount of bending for the bi-material segments (green and blue lines) and the flatness of the 
absorber (red line). (f) Temperature distribution along the sensor legs. 
 
 To increase the spatial resolution, the sensors are designed to occupy the smallest possible area based on 
diffraction limits in our frequency range. Furthermore, the pixels have to be as close as possible to each other (small 
pitch). The biggest limitation for this is the backside Bosch etching to release the freestanding structures. This process is 
highly dependent on the substrate thickness, opening size and shape and stop etch techniques employed making the 
actual sensors to occupy less than 50% of the pixel area. In order to overcome this limitation, membrane-like 
configurations were also developed. In these configurations the backside openings are no longer etched for individual 
pixels, but for pixel sub-arrays and, therefore, the pixels can be placed very close to each other, minimizing the pitch.  
Figure 5 (a) shows schematic of backside view of a 3x3 sensor array where the floating membrane can be observed.  
Figure 5(b) shows one of the fabricated FPAs comprised of 11x8 sub-arrays with 9x9 pixels on each floating membrane.  
Finally, Fig. 5(c) shows an SEM micrograph of part of a sub-array as indicated in Fig. 5(b). In this configuration, the 
supporting membrane is the same dielectric material used in the sensor. The feasibility and survivability of the 
membranes are highly dependent on the stress of the layers. Slightly tensile stress is desirable in order to avoid wrinkles 
that could deform or destroy the sub-arrays. This is obtained using PECVD deposited SiOxNy. Adding nitride to SiOx 
slightly increases the refractive index in the THz range and decreases the bi-metallic effect10. The metamaterial is 
redesigned to account for the increase in refractive index, to assure maximum absorption, while increasing the Al 
thickness on the bi-material legs to compensate the lower bi-metallic effect. The fabrication procedure of the FPAs with 
membranes is similar to the one mentioned in the previous section with the inclusion of a thin Al stop etch layer (10 nm), 
which is deposited after the ground plane patterning and removed by sputter etch after the backside etching.  
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Figure 5. Schematic and fabricated membrane sub-arrays of THz bi-material sensors. (a) Backside view (3x3 pixels). (b) 
Top view of one of the fabricated FPA with 11x8 sub-arrays of 9x9 sensor suspended membranes. The square frames are 
supporting substrate for the sub-arrays. (c) SEM micrograph of the part of a sub-array as indicated. 
 
Another important aspect is the ability of the membrane to dissipate heat and act as a heat sink during the sensor 
operation. This is achieved by introducing a metallic frame around each pixel using all the Al layers employed. The high 
thermal conductance of Al assures a good thermal contact between the suspended membrane and the host substrate. 
Figure 6 shows a FE simulation of a SiOxNy membrane of a 5x5 pixels sub-array where cross talk is analyzed. In the 
simulation, only the central pixel absorbs THz radiation. The dark (Fig. 6 (a)) indicates lower temperatures while bright 
gray indicates higher temperatures. Figure 6(b) shows the temperature along the array due to 1μW of THz radiation 
absorbed in the central pixel. The cross talk between neighboring pixels is very small indicating that the combination of 
SiOxNy membranes with Al frames is a good option for the task.  
 
 
Figure 6. Cross talk analysis of membrane-based THz sensor array. (a) 5x5 sub-array of sensors where the central pixel 
absorbs 1μW, while the other pixels are not externally exited. The surface tones indicate temperature (dark – low and bright 
– high). (b) Temperature plot of the sensor connecting points, as indicated by the inset and the white line in (a). The 
numbers represent the pixels along the line. 
 
To access, characterize and produce THz imaging, the fabricated THz FPA must be integrated to its readout. A 
schematic diagram of the proposed optical readout configuration is shown in Fig. 7. 
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Figure 7. Schematic diagram of the optical readout to be used for real time THz imaging with the fabricated THz FPA. 
 
In Fig. 7, the QCL THz beam is collimated and passes through the imaging target (scene) and then re-focused on the 
THz FPA. Tsurupica or polyethylene lenses are used since they provide a good transmissivity in the THz range (>65%). 
The THz FPA sensors placed inside the vacuum chamber, bend proportionally to the transmissivity/absorptivity of the 
target at the QCL frequency. For the readout of pixel deformation, light from a LED is collimated and directed to the 
backside of the THz focal plane array by means of a beam splitter. The reflected light from the array passes through an 
optical arrangement that translates the scene at FPA plane on to a CCD.  A spatial filter (circular aperture, slit, or knife 
edge) is used to optimize the sensitivity of the system. As the individual pixels bend, the amount of light (brightness) 
perceived by corresponding pixels on the CCD changes proportionately. A LabView routine is used to capture the 
images and perform real time background subtraction for reducing the fixed-pattern noise. The readout system is been 
assembled and the preliminary results10 indicate the ability of the optical readout to produce real time THz images. 
 
4. CONCLUSION 
In summary, we have demonstrated metamaterial-based bi-material MEMS FPA operating in the THz range. Sensor 
materials and configurations were chosen in order to maximize responsivity. The favorable combination of thermal, 
mechanical and optical properties of the MEMS fabrication-friendly materials SiOx, SiOxNy and Al were advantageous 
for structural, bi-material and metamaterial effects. Finite element models were used to predict the performance of the 
sensors. A highly efficient metamaterial structure was developed to provide near 100% absorption at 3.8 THz, while 
simultaneously serving as a structural layer and providing access for external optical readout. Different sensors were 
designed, fabricated and characterized in order to achieve optimum of performance, fabrication and design procedures. 
Sensors with responsivity values as high as 1.2 deg/μW and time constants as low as 200 ms with detectable power on 
the order of 10 nW were obtained. A self-leveling configuration was introduced to provide a flat absorber and reflector 
for the readout system. FPAs with floating membrane sensor sub-arrays were also developed to increase the spatial 
resolution and the nominal absorption area. Preliminary results indicate that the successful integration of the fabricated 
THz FPAs with the optical readout system will allow the demonstration of an extremely simple and very versatile real 
time THz imaging system, where the frequency response of the detector can be tuned by design to accommodate the 
sources availability, as well as the speed of operation, sensitivity and resolution can be set according to the imaging 
demands. 
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